Blast is an economically important disease of rice. To map genes controlling blast resistance, recombinant inbred lines (RIL) were developed from Khao Dawk Mali 105, an aromatic, blast-susceptible cultivar and the blast resistance donor, CT 9993-5-10-M (CT). A linkage map encompassing 2112 cM was constructed from 141 RILs using 90 restriction fragment length polymorphisms (RFLPs) and 31 simple sequence repeats (SSR). Virulent isolates of blast fungus were identified by screening differential host sets against 87 single-spore isolates collected from the north and northeast of Thailand. Fifteen virulent blast isolates were selected for leaf blast screening. Neck blast was evaluated both under natural conditions and controlled inoculations. Quantitative trait loci (QTLs) for broad resistance spectrum (BRS) to leaf blast were located on chromosomes 7 and 9. In particular, the QTL ch9 was mapped near the Pi5(t) locus. The QTL ch7 was located close to a previously mapped partial resistance QTL. Both loci showed significant allelic interaction. Genotypes having CT alleles at both QTL ch7 and QTL ch9 were the most resistant. Two neck-blast QTLs were mapped on chromosomes 5 and 6. The inconsistent map locations between the leaf and neck blast QTLs indicate the complexity of fixing both leaf and neck blast resistance. The coincidence of BRS and field resistance QTLs on chromosome 7 supports the idea that BRS may reflect the broad resistance spectrum to leaf blast in rice. These findings laid the foundation for the development of a marker-assisted scheme for improving Khoa Dawk Mali 105 and the majority of aromatic Thai rice varieties that are susceptible to blast.
Introduction
Rice is the most important crop providing the main source of food for 50% of the world's population. 1 More than 90% of the world's rice is grown and consumed in developing countries. Biotic and abiotic stresses are major problems in rice production around the world. 
Blast, caused by Pyricularia grisea, is a devastating dis-
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+066-34-281093, E-mail: theerayut@dna.kps.ku.ac.th ease because of its wide distribution and its destructiveness under favorable conditions. 3 There are two rice blast pathosystems caused by the same fungus, leaf blast and neck blast. 4 This disease occurs worldwide causing severe loss in yield of up to 85%. 5 Neck blast causes direct yield loss. A serious epidemic of blast disease has occurred in the north and northeast of Thailand, where most of the aromatic rice cultivars grown are susceptible to this disease. 6 An outbreak of neck blast in northern Thailand was reported in 1992 that damaged two QTL Mapping of Leaf and Neck Blast Resistance [Vol. 9, hundred thousand hectares of rice growing areas. 6 Ou reported that rice blast consists of many physiological and geographical races. 7 In Thailand, ten races, IA109, ID13, ID14, IC17, ID16, IE4, IE6, IG1, IG2, and II1 were identified. 8 More than 51 lineages were identified using molecular probes on isolates taken from differential sets grown throughout Thailand. 9 Mutations, 10 sexual hybridization, 11 parasexualism, 12 and heterocaryosis 13 are believed to be causes of variability in the blast fungus. Qualitative and quantitative blast resistance have been reported in various germplasm. 3 Several qualitative resistance loci (i.e., major genes) have been studied and mapped in the rice genome.
14 The genetic analysis showed a monogenic control of virulence 15 supporting the idea of a gene-for-gene interaction. 16 Twenty resistance genes have been reported. 17 , 18 Atkins and Johnston identified two independent genes designated as Pi-1 and Pi-6 in US rice cultivars. 19 Four dominant genes, Pi-4, Pi-13, Pi-22, and Pi-25, were identified by Hsieh et al. 20 Kiyosawa identified 13 qualitative resistance genes at 8 different loci in Japonica rice:
, Pi-i, and Pi-m. 21 Quantitative resistances have also been described in various rice cultivars. [22] [23] [24] [25] [26] Ten QTLs for blast resistance have been mapped on the rice genome. Most of them are linked to qualitative genes previously reported.
14,27,28 Suh et al. 29 and Srilingram 30 also demonstrated the existence of a large number of unlinked blast resistance genes.
In a rice-blast system, the resistance possessed by new cultivars often breaks down soon after release. 31, 32 The breakdown of resistance is caused by an increase of the prevalence of previously rare pathotypes or the development of novel pathotypes. 33 Therefore, more durable blast resistance is needed for better control of rice blast. Qualitative and quantitative genes were reported to control durable resistance in different pathosystems.
34-37
Advances in molecular biology have revealed that many gene-for-gene systems are actually quite complex.
38
QTL studies are revealing that, in many systems, one or a few loci are the principal determinants of trait expression. 39, 40 Because of the high levels of diversity and variability of the blast pathogen, breeding for durable blast resistance is challenging and has become a priority in rice improvement. Sources of durable and partial blast resistance have been reported 23, 41 and used widely as resistance donors in breeding programs. The upland rice cultivar "CT9993-5-10-M" is an excellent source for blast resistance with a high yield potential. This cultivar shows a high level of resistance against a broad spectrum of blast isolates in Thailand (data not shown). Therefore, it may possess many qualitative and quantitative resistance genes. Some scientists believe that resistance genes which are effective against a broad-spectrum of isolates would give durable resistance. 42 Genetic control of broad-spectrum resistance is not well understood due to the complexity of the trait. Blast disease not only causes damage to rice crop by reducing the green leaf area but also can cause severe yield losses by infecting the panicle. 43 We used the recombinant inbred lines (RILs) derived from a cross between the susceptible cultivar, KDML105 and the resistant line CT9993-5-10-M to determine the number, genome location, and genetic effects of leaf and neck blast resistance genes in rice.
Materials and Methods

Plant material
One hundred forty one F 8 RILs were derived from the cross CT9993-5-10-1-m (CT9993) × KDML105 by single seed descent (SSD) using the rapid generation advancement method at IRRI, Philippines. CT9993 is an upland rice from the Centre of International Tropical Agriculture (CIAT) which has excellent blast resistance properties. The resistance genes in CT9993 are derived from different ancestors. KDML105 is an aromatic rice that is well known for good cooking quality and aroma, but is susceptible to leaf and neck blast diseases.
Genotyping
All RILs were genotyped with 90 restriction fragment length polymorphisms (RFLPs) and 31 simple sequence repeats (SSRs). The procedures for DNA extraction, restriction enzyme digestion, and Southern blotting were performed according to McCouch et al. 44 Seven restriction enzymes, EcoRI, EcoRV, Dra I, Xba I, HindIII, BamHI, and Bgl II, were used in combination with RFLP probes provided by Cornell University and Japan's Rice Genome Project (RGP). The 31 SSR primers derived from McCouch et al. 45 were assayed as described by Panaud et al. 46 The marker nomenclature follows the construction employed by Cornell University and Japan's RGP.
Phenotyping for leaf and neck blast resistance in
greenhouse One hundred blast isolates were collected from various commercial cultivars growing in different areas of central, north and northeast of Thailand (data not shown). Eighty-seven blast isolates were surveyed for compatibility with CT9993 and IR64. Fifteen virulent isolates were then selected and used for leaf blast screening in the RIL population. One of the 15 isolates, THL84, was also used for neck blast screening.
Ten seeds of individual RILs were sown in a plastic tray and grown in a greenhouse. CT9993 and KDML105 were used as controls. Inoculum was prepared following the method of Mackill and Bonman 47 with some modification as follows. The parent stock isolates were grown in plastic petri dishes on rice polish agar media (rice polish 5 g, sucrose 5 g, agar 20 g, and 1 liter of distilled water).
Growth and sporulation were obtained by placing the petri dishes at 27
• C under fluorescent light for 10 days. Seven days before inoculation, the petri dishes were filled with distilled water (10 ml), and then mycelial mat was scraped with a rubber policeman or glass slide. The excess water was poured off to induce more growth. The plates were transferred to an ultraviolet cabinet for 5-7 days to induce sporulation. On the day of inoculation, distilled water was added to the petri dish, the mycelial mat was scraped with a sterilized rubber policeman and the suspension was filtered through two layers of cheesecloth. The conidia were counted with a haemacytometer and the concentration of suspension was adjusted to 1 × 10 4 conidia per ml. Three-week-old seedlings were inoculated by an injection method 48 with fresh inoculum. Disease reactions of each RIL were scored 1 week after inoculation using the scoring system described by Bonman et al. 49 Scores of 0, 1, and 2 (considered as no infection or incompatible reaction) was assigned for resistant plants; scores 3, 4, and 5 (considered as infection or compatible reaction) was assigned for susceptible plants. Broad resistance spectrum (BRS) was used to assess the BSR using the formula modified from Ahn et al. 50 as follows:
Where S is the number of isolates giving an incompatible reaction and T is the total number of isolates used for screening (15) . The BRS ranged from 0 to 1. A BRS of 0 indicates that the RIL are susceptible to all isolates. A BRS of 1 indicates that the RIL are resistant to all isolates. For neck blast resistance screening, ten seeds of individual RIL were also sown in each plastic tray and grown in a greenhouse. The CT9993 and KDML105 were used as controls. Inoculum was prepared as for the leaf blast inoculations but the concentration of the suspension was adjusted to 3 × 10 4 conidia per ml. Inoculum was injected at the booting stage. Neck blast severity incidence was scored based on 10 panicles and expressed as percent infection.
Phenotyping for leaf and neck blast resistance in the field
The RIL population and their parents were grown in miniplots at Ubonrachatani Rice Research Center (URRC) and at Kasetsart University, Kampangsaen campus (KUK) in 1998. Leaf blast has been frequently reported between July and November at Ubolrajthani Rice Research center, while neck blast has been commonly observed on the rice field at Kampangsaen. The RILs and parents were planted in two-row, 0.6-m plots with 10 cm between rows. Two rows of resistance controls, CT9993 and Hang Yee 71, and one row of susceptible control RD23 were added to each of the ten plots of an experiment. KDML105, a susceptible control, was used as spreader rows. Leaf blast severity was visually scored 4 weeks after germination using a 0-9 scoring system. Neck blast severity was scored as a percentage of infection on the neck of rice panicle at physiological maturity. The number of panicles showing symptoms of neck blast disease are expressed as percent infection.
Linkage map construction and QTL analysis
G-Mendel version 3.0 51 was used for linkage map construction. The linkage map was constructed using 121 markers (90 RFLPs and 31 SSRs). The final linkage map was constructed using a maximum recombination frequency (rmax) of 0.30 and a LOD score of 7. The assignment of linkage groups to their corresponding chromosomes was done according to Kurata et al. and Cho et al. 52, 53 The genetic distances (cM) were calculated from recombination values using the Kosambi map function.
QTL analysis was performed with the software package MQTL. 54, 55 The data from each experiment were analyzed separately. Both simple interval mapping (SIM) and simplified composite interval mapping (sCIM) techniques were used for QTL detection. Each data set was analyzed with 1000 permutations, a 5 cM walking speed and a Type I error rate of 5%. The significance threshold (a LOD score of 2.4 or above) was used to declare the presence of a QTL. Twenty background markers were specified for use as cofactors in sCIM. An association of markers with blast resistance was analyzed using simple regression, multiple regression and ANOVA analysis procedure in STATGRAPHIC v2.1. QTL×QTL interactions were also analyzed using ANOVA.
Results
The 121-marker based map comprises a total linkage distance of 2112 cM. The average two-locus interval is 17.5 cM. Marker orders are consistent with published maps (Fig. 1) . Of the 121 marker loci, 93 showed significant segregation distortion (p ≤ 0.05). The distortion showed some systematic pattern on the genome. KDML105 alleles were over-represented at 68 loci mainly on chromosomes 1, 2, 3, 5, 8, 10, 11, and 12. On chromosomes 4, 6, and 7, there were segregation distortions in favor of CT9993 alleles. Segregation distortion that favors both alleles occurs equally on chromosome 9. Segregation distortion is a common phenomenon in RIL populations derived from an indica × japonica cross. 
Phenotypic distributions and correlation
Most RILs showed a high level of hypersensitive resistance against one or more of the 15 blast isolates at the seedling stage. The frequency distribution of BRS supported quantitative inheritance (Fig. 2) . CT9993 and KDML105 lie at opposite ends of the distribution with the BRS scores of 0.9 and 0.1, respectively. A similar distribution of blast severity (Fig. 3a) was observed in the field experiment at URRC. The BRS was significantly correlated with the field resistance at URRC (Table 1) . A high correlation was also found between the BRS and each individual blast isolate (data not shown). There was a significant correlation between BRS and neck blast incidence against the THL84 isolate. In contrast, no significant correlation of neck blast severity was found between the field experiment at KUK and the greenhouse experiment using the THL84 isolate. The phenotypic distribution of neck blast incidence in both experiments did not show discrete classes allowing for mendelian analysis (Figs. 3b, 3c ). More than one-third of the progenies showed hypersensitivity reaction for neck blast against the THL84 isolate. There was a positive correlation between the leaf blast score at the seedling stage and the neck blast incidence observed using the same blast isolate.
QTLs
Two QTLs associated with blast resistance at the seedling stage were detected on chromosomes 7 and 9 ( Table 2 ). The major-effect resistance QTL on chromosome 9 was mapped to the R1687-RG553 interval. For this QTL, CT9993 contributed a resistance allele that accounted for 18% of Phenotypic Variance Explained (PVE) in BRS. A minor-effect resistance QTL was mapped to the G20P-RM2 interval on chromosome 7. Again CT9993 contributed the resistance allele at this QTL locus. This QTL accounted for 12% of PVE. Significant epistatic interaction between the two QTLs was observed. Progenies that combined the favorable alleles of chromosomes 7 and 9 were highly resistant against the 15-blast isolates (Fig. 4a) .
Under natural leaf blast infection at URRC, three QTLs associated with disease severity score were detected. Two QTLs linked in the coupling phase were mapped to the RM10-OSR22 and R3089-G20P intervals, respectively, on chromosome 7 (Table 2) . Each QTL accounted for 11% of PVE. A small main-effect QTL, accounted for 6% PVE, was detected on chromosome 3. CT9993 contributed the resistance alleles at all loci. The proximate locations of the two resistant QTLs on chromosome 7 supports the patterns of phenotypic correlation between BRS and blast severity score under field conditions. Significant epistatic interactions were also detected among these QTLs (Fig. 4b) .
Two QTLs for neck blast resistance were detected on chromosomes 5 and 6 in field experiments in 1998 Table 1 . Correlation among broad resistance spectrum (BRS), disease severity index (LBURRC) under field condition at URRC, leaf blast incidence (%) against the THL84 (LBTHL84) isolate. Neck blast incidence (%) under field condition at Kampangsaen in 1998 (KUK), and Neck blast incidence (%) against the THL84 isolate (NBTHL84) in a RIL derived from a cross between CT9993 (resistant) and KDML105 (Susceptible). Table 2 . Chromosome location, allele phase, and effect (expressed as the R 2 -percentage of phenotypic variance explained) for broad resistance spectrum and neck blast resistance loci in KDML105 × CT9993 RIL population.
Traits
( Table 2 ). The chromosome 5 QTL, accounting for 7% of PVE, was mapped to the C597-RM122 interval. The large-effect QTL on chromosome 6 was mapped to the R2171-RG64 interval with PVE of 15%. CT9993 contributed resistance alleles at both loci. The chromosome 6 QTL was also detected for leaf and neck blast resistances under greenhouse inoculation using THL84 isolate. These QTLs explained 40% and 16% of the leaf and neck blast severity variation in the RIL population, respectively. Chromosome 9 QTL for leaf blast resistance was also detected using THL84 isolate (Table 2) . CT9993 contributed a resistance allele at this locus. This QTL explained 39% of PVE. Significant two locus interaction was also detected (Fig. 4c) .
Discussion
Seventy-seven percent of the markers used to construct the linkage map showed a significant distortion. Segregation distortion is reported to be a common phenomenon in RIL populations derived from indica × japonica crosses. 56 However, the proportion of markers showing distorted segregation in this populations was higher than that observed in other indica/japonica RIL populations. 57, 58 We realized that significant segregation distortion results in reducing estimation of recombination fraction and clustering of distorted markers which may lead to false linkage. 59, 60 To overcome this limitation, the linkage map was constructed by chromosome using published markers. Segregation distortion of markers is commonly found in inter-and intraspecific crosses 61 and increases with the level of genetic divergence between parents. 62 Because of the high level of genetic divergence between KDML105 and CT9993, some degree of segregation distortion was expected in this mapping population. The distortion of markers could be due to lethal alleles in gametes, 63, 64 competition among gametes and abortion of gamete or zygote 65, 56 or sampling error.
66
The RILs exhibiting a high frequency of incompatible reaction across many blast isolates are considered to possess a broad resistance spectrum. This type of resistance is generally qualitative and broadly effective against many prevailing races.
67 QTL analysis revealed significant peaks on chromosomes 7 and 9. The QTL on chromosome 9 mapped to the vicinity of the Pi5(t) 68 locus and the field resistance QTL reported by Fukuoka and Okuno. 69 However, the allelic relationship of the genes at this QTL with the Pi5 and the field resistance KK, KC, CK and CC refer to the allelic composition of RILs at QTLs on chromosomes 7 and 9, respectively. b) Mean and 95% LSD intervals of the two locus interactions between the QTL on chromosomes 7 and 9 for blast score at URRC. KK, KC, CK and CC refer to the allelic composition of RILs at QTLs on chromosomes 7 and 9, respectively. c) Mean and 95% LSD intervals for the two locus interactions between the QTL on chromosomes 6 and 9 for disease severity index against THL84. KK, KC, CK and CC refer to the allelic composition of RILs at QTLs on chromosomes 6 and 9, respectively. QTL needs to be determined. Fine mapping of QTL is necessary to prove the exact relationships between them. The partial resistance QTL mapped on chromosome 7 has been reported by Wang et al. 28 The relationship of this QTL and the chromosome 7 QTL for broad-spectrum resistance detected in this population needs to be resolved by comparative mapping.
The significant main-effect QTLs, when considered in multi-locus models, accounted for 25% of PVE. The genetic variance that was not accounted for by the QTLs mapped in this population could be due to additional QTLs or to QTL interactions. Some of these QTLs could be located in regions of the genome not covered by our current linkage maps. Analysis of QTL interactions revealed that the K QTLch7 × K QTLch9 and C QTLch7 × K QTLch9 phenotypes showed equal low levels of broad-spectrum resistance. Only the progenies with both QTLs (C QTLch7 × C QTLch9 ) showed a high level of broad-spectrum resistance. As pointed out by Yano and Sasaki, 70 population size and number of markers used in QTL analysis might be a limiting factor for determining the existence of specific interactions. Therefore, the relative small population (141 individuals) may not be enough to clarify the real nature of the epistatic interaction between these two QTLs. However, 74 progenies with the C QTLch7 × C QTLch9 genotype were resistant to all 15 isolates of the pathogens.
Under field conditions at URRC, where the pathogen population was presumably diverse, main-effect QTL peaks were found on chromosomes 3 and 7. Two QTLs on chromosome 7 were linked in the coupling phase, with each accounting for 11% of PVE. The coincidence of broad-spectrum QTL and field resistance QTL on chromosome 7 was supported by a highly significant correlation between BRS and disease severity score at URRC. The partial resistance QTL on chromosome 3 was also reported by Wang et al. 28 This QTL coincided with a small-effect QTL for field resistance detected at the URRC. The relationship of these QTLs will also need to be resolved. Epistatic interactions among these three QTLs were also observed. Epistatsis can play a special role to create multiple fitness resulting in resistance to a broad spectrum of blast isolates. Estimation of these interactions would require a substantially larger population size, which would also increase the power of QTL main-effect detection.
71
Two neck-blast QTLs on chromosomes 5 and 6 were not coincident with QTLs for broad-spectrum resistance. This result indicates that the genetic resistance governing these two traits was different. QTLs on chromosomes 5 and 6 were responsible for the variation of neck blast resistance observed in the RIL population. CT9993 contributed resistance alleles at both loci. The chromosome 6 QTL was located in the vicinity of the genes reported by Inukai et al. 72 This locus was the only QTL detected in the experiment using a single isolate (THL84). [Vol. 9, The neck blast isolates are prevalent at the field site. The chromosome 5 QTL and the QTL for lesion size resistance QTL on chromosome 6 was reported by Jieyun et al. 73 The lack of a correlation between neck blast screening in the field experiment and neck blast screening with the single isolate THL84 may indicate that THL84 or isolates in the same lineage of THL84 were not reported by Wang et al. 28 will also need to be resolved. Two QTLs on chromosomes 6 and 9 were also detected for leaf blast using the THL84 isolates. The coincidence of leaf and neck blast QTL on chromosome 6 may be due to linkage or pleiotropy.
CT9993 clearly has a different major QTL for leaf and neck blast resistance. The map locations of leaf and neck blast resistance corresponded with published reports. Different location of leaf blast and neck blast resistance QTL indicate the complexity of this disease and its genetic control. The significant interactions indicated the importance of epistasis in determining broad resistance spectrum and neck blast resistance. Therefore, small-effect QTLs should be considered in resistance QTL introgression and pyramiding. However, this experiment used only 15 blast isolates representing the north and northeast areas of Thailand. More isolates covering all rice production areas will be needed in order to confirm the position of broad-spectrum leaf blast resistance. For neck blast resistance, the same isolates as used in the leaf blast experiment should be used in future studies to elucidate the relationship between the genes governing these two traits.
